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a  b  s  t  r  a  c  t
Surfaces engineering on titanium biomedical alloys aiming for improving bone regenera-
tion, healing periods and increasing lifetime needs for a fundamental understanding of the
electrochemical reactions occurring at the interface biomaterial/human fluid. There, elec-
trochemical corrosion plays an important role in implant-tissue interaction. The aim of this
study is to investigate the effect of different TiO2 surfaces and nanotubes on a Ti6Al4V ELI
in  their electrochemical corrosion resistance by different electrochemical techniques (open
circuit potential, electrochemical impedance spectroscopy, and potentiodynamic polar-
ization). The electrochemical behaviour of native, anodized, nanotubular and annealed
nanotubular surfaces were investigated in 1 M NaCl solution. The nanotubular topography
was obtained by electrochemical oxidation and the annealing treatment allowed at chang-
ing  the crystalline structure of the oxides. The nanotube morphology, chemical composition,
and structure was studied by Field Emission Scanning Electron Microscopy, Energy Disper-
sive Spectroscopy, X-ray diffraction and Transmission Electron Microscopy respectively. The
results show that the anodic oxidation treatment creates a nanotubular topography that
increases the surface area and changes the surface chemical composition. The electrochem-
ical corrosion resistance decreased on the as-formed TiO2 tubes compared to the native
oxide layer, due to higher surface area and amorphous crystal structure of the passive film.
After annealing treatment, the fluoride ions are eliminated, and nanotubular resistance isenhanced through anatase stabilization.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the
CC  BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).∗ Corresponding author.
E-mail: joalafe@posgrado.upv.com (J. Lario).
https://doi.org/10.1016/j.jmrt.2019.09.023
2238-7854/© 2019 The Authors. Published by Elsevier B.V. This is a
creativecommons.org/licenses/by-nc-nd/4.0/).1.  Introduction
The main objective of titanium prosthesis is to alleviate pain,
recover mobility and functionality, and improve patient qual-
ity of life. The modification of surface roughness in the micro
or nanoscale increases the implant surface area, enhances the
n open access article under the CC BY-NC-ND license (http://
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rotein absorption and improves the cell proliferation rate,
educing the bone regeneration periods [1]. Indeed, one of
he most common commercial modification of titanium sur-
aces are obtained by alumina or hydroxyapatite grit-blasting
ollowed by acid-etching (e.g. SLA from Straumann AG and
sseotite/T3 from ZimmerBiomet) [2]. The development of
ew surface treatments to improve the long-term perfor-
ance of implants and to reduce recovery periods in patients
ave recently attracted the interest of many  researchers [3–8].
The biocompatibility of titanium implants depends on the
hysicochemical and electrochemical properties of the oxide
lm [8–11]. The native oxide layer, which is 1–5 nm thick, spon-
aneously formed on the metal surface hinders the ion release;
hus the oxide layer is considered as the responsible of the
igh biocompatibility of titanium alloys [12]. The material
omposition, crystal structure and surface area influence the
xide layer electrochemical properties [13–16]. These param-
ters can be modified by different surface treatments such as
he anodic oxidation process or by applying heat treatments
fter anodization [17–20].
Titanium alloys are also susceptible to develop thick oxide
ayers on their surfaces when subjected to an anodic oxida-
ion process [21]. The electrochemical oxidation process with
uoride ions has drawn researchers interest due to the possi-
ility to obtain a titania nanotubular topography on titanium
lloys [22–25]. This surface treatment improves osteoblast
roliferation compared with the usually applied commer-
ial surface treatments [26–29]. As-formed titania nanotubes
ontain amorphous crystal phases, but using appropriate
nnealing treatment can induce amorphous to anatase/rutile
hase transformation [6,20].
Generally, the titanium surface degradation occurs due
o the interfacial reaction between the passive film and the
urrounding environment. The elevated surface area and
morphous structure of titanium dioxide nanotubular sur-
aces may decrease the titanium alloy corrosion performance.
igh corrosion resistance of surface treatments is required to
educe the release of metallic ions into the body, which can
e harmful to the organism. In-vitro electrochemical charac-
erization constitutes one of the first steps to evaluate new
urface treatments for biomedical applications.
The purpose of the present study is to evaluate the effect of
anotopography on the corrosion resistance of the Ti6Al4V ELI
lloy. Furthermore, the effect of annealing treatment applied
n the nanotubular surface is also discussed.
.  Experimental  procedure
.1.  Materials  and  surface  characterization
i6Al4V ELI alloy was provided by Allegheny Technologies
ATI Metals, Pittsburgh, PA, USA). The titanium alloy bar was
achined to produce disk samples (12.7 mm in diameter,
 mm thick). Optical metallography analysis was carried out
o identify morphology, homogeneity, and distribution of the
itanium alloy constituent phases (LV100 Nikon, Tokyo, Japan).
he samples were etched with a Kroll reagent in order to
eveal the phases domains on the titanium alloy. The surface
orphology after electrochemical anodization was character- 9;8(6):5548–5556 5549
ized by Field Emission Scanning Electron Microscopy (FESEM
ULTRA 55) (ZEISS, Oberkochen, Germany). Elemental analysis
for the different surface treatments were carried out using
Energy Dispersive Spectroscopy (EDS) from Oxford Instru-
ments Ltd. (Abingdon-on-Thames, UK).
2.2.  Anodic  oxidation
Test disks were wet-ground with different silicon carbide
paper before the anodizing process. Two anodic oxidation pro-
cess were carried out. The first one the electrolyte employed
was a solution 1 M H3PO4, applying a constant voltage of
15 V for 15 s. The second anodizing process a 0.8%wt. of NaF
was added into 1 M H3PO4 solution, and anodizing time was
increase till 45 min. The electrochemical treatment to modify
the oxide layer present at the alloys surface a two-electrode
cell was employed, titanium disk as anode and a 316 L stain-
less steel as cathode, in a DC Power Supply SM 400-AR-8 (Delta
Elektronica, Zierikzee, The Netherlands). After the anodic oxi-
dation process samples were rinsed with sodium bicarbonate
solution followed with distilled water to neutralize the elec-
trolyte.
2.3.  Annealing  treatment
The annealing treatment applied on the nanotubular surfaces
was done to evaluate the influence on the corrosion resis-
tance. It was done in an HVT 15/75/450 vacuum sintering
furnace (Carbolite Gero Ltd., Parson, United Kingdom) at <10−4
mbars heated till 320 ◦C at 5 ◦C/min held for 30 min  and fur-
nace cooled at 10 ◦C/min to favor the thermal decomposition
of [TiF6]2− complex.
Additional to the annealing treatment carried out for
electrochemical analysis, a second annealing treatment was
performed on the as-formed nanotubes. The aim for this heat
treatment was to investigate the effect of increasing the time
and maximum temperature on the TiO2 crystal phase stability.
2.4.  Electrochemical  measurements
The electrochemical behaviour of the non-treated (native
oxide layer) and surface-modified titanium alloys (nan-
otubular and anodized) was investigated using a standard
three-electrode cell: the titanium samples as the working elec-
trode (0.78 cm2), a Pt foil as the counter electrode and a Ag/AgCl
(3 M KCl) as the reference electrode. The titanium samples
were immersed in 1 M NaCl solution for 1 h to stabilize the OCP
to a steady-state potential (EOCP). Electrochemical Impedance
Spectrosocpy (EIS) was carried out at the stabilized OCP. The
amplitude of the applied alternating sinusoidal potential was
±10 mV  at the EOCP within the frequency range between 5 mHz
to 100 kHz. The acquired EIS data were curve fitted using an
electrical equivalent circuit (EEC) with the ZView programme
(version 3.5a from Scribner Associates Inc., Southern Pines,
NC, USA). Quality of fit was checked by the 2 value. After the
EIS measurements, potentiodynamic polarization curves were
carried out at a scan rate of 2 mV/s within the potential range
from OCP to 3.5 V. From them, the corrosion potential (Ecorr),
corrosion current density (icorr) and passive current (ipass) were
obtained.
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Fig. 1 – Optical images of the Ti6Al4V ELI microstru
Fig. 2 – Nanotubular topography on Ti6Al4V ELI after
anodic oxidation process at 15 V.
shifting positively during immersion time until steady state is2.5.  Nanotubular  crystal  phase  characterization
The crytal structure of nanotubular surfaces was determined
using X-ray diffraction instrument (D8 AXS, Bruker) with CuK
radiation, operating at 40 kV and 40 mA (Bruker, Massachus-
setts, USA). A detailed scan was done over the 2 range
of 20◦–120◦ with a step size of 0.03◦. For transmision elec-
tron microscopy (TEM) and selected area electron diffraction
(SAED) investigation nanotubes were delaminatated directly
onto square mesh copper with ultra-thin carbon substrate
coating by using a scapel. The delaminated nanotubes were
observed with JEM 2100F (JEOL Ltd., Tokio, Japan) electron
microscope at an accelerating voltage of 200 kV.
3.  Results
3.1.  Surface  characterization
The cold work process performed on the melt and forge
Ti6Al4V ELI bar results in a micrometre non-equiaxial grain
with a fine dispersion of the alpha and beta phases (Fig. 1).
The microstructure is a relevant property that influences the
mechanical properties and corrosion resistance of titanium
alloys [30–32].cture. A) Longitudinal section. B) Cross section.
Fig. 2 shows the nanotubular layer obtained from FESEM
image  after the electrochemical process. The nanotubes have
a diameter of approximately of 64 nm and inter-tube distance
around 9 nm.  The chemical composition of the material after
the different surface treatments obtained by EDS are summa-
rized in Table 1. The quantity of oxygen and fluorine measured
with EDS increases anodic oxidation process. After annealing
at 320 ◦C the fluorine weight percentage decreased from 5%wt
to 0.5%wt.
3.2.  Microstructural  characterization
The XRD patterns for native oxide layer, nanotubes, and
annealed nanotubes are shown in Fig. 3. The XRD pattern of
the as-formed nanotubular oxide layer shows the incorpora-
tion fluoride ions on the nanotubular topography, represented
on higher relative intensity peak found at 45◦ compared with
the native oxide layer. The increase in relative intensity peak
is related to TiF62− complex formation [26]. On the other hand,
after annealing treatment, the 45◦ relative intensity peak
decrease due to TiF62− the thermal decomposition, corrob-
orating EDS results. The annealing treatment also stabilizes
the titanium dioxide anatase crystal phase, reflected in higher
relative intensity values located at 41◦ and 75◦ for annealed
samples, compared with native or as-formed nanotubular
oxide layers.
Fig. 4 shows high-resolution transmission electron micro-
scope (HRTEM) images and selected area diffraction patterns
for the delaminated nanotubes. The first images (bright field
(BF) HRTEM, Fig. 4A, or SAED images, Fig. 4B) correspond to the
nanotubes annealed at 320 ◦C for 30 min. in vacuum, where no
crystal planes or patterns were found. The annealing treat-
ment at 450 ◦C and 120 min  was enable to stabilize the TiO2
crystal phase, as it can be observed with the presence of crystal
planes in BF HRTEM and SAED images shown in Fig. 4D.
3.3.  Corrosion  behaviour
Open circuit potential evolution with time of the four Ti6Al4V
ELI surface treatments was recorded and it is represented in
Fig. 5. The OCP values for the different surface treatments keepachieved. The polished samples showed the lowest OCP poten-
tial (−0.26 V) and achieved a stabilization rate of 1 × 10−9 dE/dt
after longer period. Higher OCP variation is observed after the
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Table 1 – Surface chemical composition of the studied samples from Energy Dispersive Spectroscopy (EDS).
Samples Ti (wt%) O (wt%) F (wt%) Al (wt%) V (wt%)
Polished 90 ± 1 – – 4 ± 0.2 6.7 ± 0.2
Nanotubes 66 ± 2 22 ± 1.5 5 ± 0.5 4.7 ± 0.2 2.9 ± 0.8



























Fig. 3 – XRD patterns of differen
nodic oxidation process; suggesting that a protective oxide
lm is formed. Such a phenomenon is related to oxide layer
hanges (morphology, chemical composition and morphol-
gy). The anodized surfaces are one of the fastest samples
o stabilize the OCP, due to 20 nm thick and compact oxide
ayer formation [33]. While nanotubular samples, that present
igher specific area per volume and a thicker oxide layer,
equires more  time to achieve stability (Fig. 5). Finally, the
nnealed nanotubes were the surface treatment that faster
tabilized the OCP.
Fig. 6a and b shows the Nyquist spectra and the Bode
lots respectively of the different titanium surface treatments
t EOCP. In all cases, a high impedance (around 107  cm2)
t low frequencies are observed, typical from passive mate-
ial and suggesting high corrosion resistance of all the
tudied samples. The higher phase angles obtained for the
nodized surfaces compared to the polished surface at the
igh-frequency region is attributed to the oxide film thick-
ning [34]. At medium and low frequency, the phase angles
emain roughly constant, proving capacitive behaviour that it
s indicative that elevated protectiveness.
A significant variation on the phase angles was observed
n the anodized samples compared with the polished sam-
les. These variations are related to the porosity and crystal
hase of the oxide layer. The phase angles lower than 80◦
bserved, at low and medium frequencies, were associated
ith the nanotubular nature of the outer layer. The higherface treatment for Ti6Al4V ELI.
phase angles in the high-frequency region were attributed to
the oxide film thickening of the anodized samples compared
to the polished surface. Also, after the annealing treatment
of the nanotubular surfaces show higher phase angles com-
pared to the as-formed nanotubes. This increment is related
to changes in the TiO2 crystal structure.
The potentiodynamic polarization results for the polished
substrate, and anodized samples are represented in Fig. 7.
The average corrosion potentials obtained from these curves
were 0.13 V (as-formed nanotubes) < 0.19 V (polished) < 0.42 V
(annealed nanotubes) < 1.47 V (anodized). Polished samples
show a perfect Tafel behaviour after the corrosion potential
and the highest current density values along most of the pas-
sive domain (from 0.5 V to 2 V). The anodized or nanotubular
samples show a mixed control (activation and mass transport
through the oxide film) around their corrosion potential. As
appear summarized in Fig. 7, the anodized samples present
lower current density values, in the potential range between
800 mV to 3000 mV, that polished sample. This phenomenon
is related to the formation of a protective film (compact or
porous) at titanium alloy surface that inhibits its corrosion
rate. As-formed nanotubular surfaces present a higher surface
area and amorphous oxide, compared to the compact oxide
layer formed on the anodized or native oxide layer from the
polished samples. After the annealing treatment of the nan-
otubular structure a more  stable oxide layer is formed, due to
the elimination of fluoride ions on the nanotubes and crys-
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Fig. 4 – Transmission electron micrographs of Ti6Al4V ELI nanotubes. A) Annealed nanotubes at 320 ◦C. B) HRTEM and SAED
images for annealed nanotubes at 320 ◦C. C) Annealed nanotubes at 450 ◦C. D) HRTEM and SAED images for annealed
nanotubes at 450 ◦C.
of thFig. 5 – Open-circuit potential evolution with time tal phase stabilization, which increase the corrosion potential
and reduce ion release (lower current density values). Very low
current densities obtained on the nanotubular and anodizede four Ti6Al4V ELI surface treatments in 1 M NaCl.surfaces show a strong passivating behaviuor (Fig. 7). The cal-
culated corrosion kinetic parameters as corrosion potential
(Ecorr), corrosion current density (Icorr), polarization resistance
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Fig. 6 – Electrochemical impedance spectroscopy measurements of the titanium samples in 1 M NaCl. A) Nyquist Plots. B)
Bode plots.
Fig. 7 – Potentiodynamic polarization curves of the titanium samples in 1 M NaCl.
Table 2 – Corrosion parameters from the polarization plots.
Samples Ecorr (V) Icorr (A/cm2) PR () Ip 1 V (A/cm2) Ip 2 V (A/cm2) Ip 3 V (A/cm2)
Polished 0.19 ± 0.06 7.7 ± 3.0 × 10−8 1.3 ± 0.6 × 106 6.3 ± 5.9 × 10−6 9.2 ± 7.2 × 10−5 3.3 ± 1.2 × 10−5

















Nanotubes 0.13 ± 0.01 9.0 ± 3.7 × 10−8 2.3 
Annealed Nanotubes 0.43 ± 0.05 1.4 ± 1.2 × 10−7 1.8 
PR) and passive current density (Ip) have been presented in
able 2. The anodized surface displays better corrosion resis-
ance if it shows more  positive Ecorr, higher PR and lower icorr
alues.
The corrosion current density for polished and nanotubu-
ar samples are at least one order of magnitude higher than
nodized or annealed nanotubes surfaces. After the annealing
reatment, the anodization polarization curve of the nan-
tubular surface showed a much smaller passivation current
ensity than as formed nanotubular surface. For both nan-
tubular surfaces (as formed or annealed) the anodic curve
Fig. 7) can be divided into three potential domains. For exam-
le, for the annealed nanotubes at the potential domain
etween 0.5 VSCE and 0.8 VSCE is featured by a transition stage
here the current density increases with the potential due to 105 3.6 ± 1.8 × 10−6 7.6 ± 3.6 × 10−6 3.5 ± 2.7 × 10−4
 106 3.5 ± 0.3 × 10−7 7.6 ± 0.5 × 10−6 4.6 ± 2.2 × 10−5
oxidation of TixOy complex and replacement of the oxide film.
The second domain corresponds to the passivation plateau,
which ranges 0.8 VSCE to 1.4 VSCE, where the annealed nan-
otubular surface enters into the stable passivation region, and
the current density remains unaltered. The last domain is
related to the nanotubular breakdown, which ranges from 1.4
VSCE to 3.5 VSCE. This overpotential applied to the sample pro-
duces the collapse of the nanotubular oxide geometry.
4.  DiscussionTwo equivalent electrical circuits (ECCs) were employed to fit
the EIS experimental data (Fig. 8). The native oxide layer on
the polished surfaces was simulated with first EEC. The sec-
ond ECCs was employed to simulate the response of anodic
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Table 3 – The electrochemical impedance parameters obtained by fitting an equivalent circuit model for the substrate and
nanotube samples.
Samples Re ( cm2) R1 ( cm2) QPE1 (F cm2) n1 R2 ( cm2) QPE2 (F cm2) n2 2
Polished 9.4 3.1 × 107 2.3 × 10−5 0.92 – – – 6 × 10−4
Anodized 9.1 2.0 × 105 4.5 × 10−7 0.94 9.8 × 1012 1.3 × 10−11 0.58 1 × 10−3
Nanotubular 12.9 2.6 × 103 2.0 × 10−6 0.83 2.9 × 108 3.6 × 10−6 0.67 1 × 10−3
Annealed Nanotubular 6.1 1.6 × 104 1.5 × 10−6 0.85 8.5 × 108 1.3 × 10−8 0.65 2 × 10−3
Fig. 8 – Equivalent circuit models. A) Ti6Al4V ELI Polished surfaces. B) Ti6Al4V ELI nanotubes surfaces.
ide lFig. 9 – Schematic representation of the ox
and nanotubular surfaces. To consider the capacitors non-
ideal behaviour the QPE elements were selected to simulate
the experimental data. For the polished surfaces (native oxide
layer) Re represents the solution resistance, and R1 and Q1,
respectively, represent the resistance and capacitance of the
passive oxide layer formed spontaneously on the titanium
surface (Fig. 8A). Two-time constants ECC was employed to
model the behaviour of the anodic oxidized surfaces (Fig. 8B),
in which Re was the solution resistance, R1 and QPE1 were
the resistance and constant phase element of the nanotube
layer, and R2 and QPE2 were the resistance and constant phase
element of the inner barrier layer.
Table 3 summarizes the electrochemical parameters
employed to fit EIS measurements with the ECCs proposed
to simulate oxide layer response. The chi-square values of
the 10−3 order indicate a good agreement between the exper-
imental and simulated values. These low “n” values of the
constant phase elements imply that the nanotube layer for
both anodized samples were very leaky, as described by Mohan
et al. (2015) in the electrochemical study of TiO2 nanotubes
in Hank’s solution [35]. This fact was reflected by the low
resistance R1 values of resistance of the nanotubular surfaces,
as-formed 2.6 × 103  cm2 and annealed 1.6 × 104  cm2. How-
ever, the resistance of the inner barrier layer at the bottom of
the nanotubes (R2) was considerably higher, within the range
of 108  cm2, and was higher than the polished bare alloy.
The inner layer on the nanotubular surfaces presents lowerayer. A) Native oxide layer. B) Nanotubular.
resistance than the anodized surface, due to the fact of the
higher surface area incorporated by nanotubular topography.
This scenario implies elevated corrosion resistance of the nan-
otubular inner layer.
The presence of a passive oxide film at the bottom of the
nanotubes could restrict the movement  of the metal ions from
the metal surface to the solution and reduce ion release [35].
The relation between the equivalent circuits proposed and
the real nanotube morphology observed on FESEM appears
represented in Fig. 9. There is a direct relationship between
the proposed equivalent electrical circuits (Fig. 8), which sim-
ulate the response of the nanotubes, and the real nanotube
morphology observed using the FESEM equipment (Fig. 2).
The potentiodynamic results of the present research indi-
cate that the as-formed nanotubular topography reduces the
Ti6Al4V ELI corrosion resistance behaviour, and annealing
treatment improves the corrosion resistance of the nanotubu-
lar oxide layer; this fact is related to fluoride ions reduction
and oxides crystal phase formation. The nanotubular topog-
raphy may be responsible for the penetration of the corrosive
anions along with water and increases the corrosion of the
metal surface. Alves et al. reported improvement of the cor-
rosion resistance and lower current density after micro-arc
oxidation treatment compared with untreated Ti CP2 [36].
Further research into temperature and time of the post
heat treatment are required for the stabilization of the oxide
layer, to obtain anatase or rutile crystal structure [12,17].
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educing the effective surface area by applying later surface
reatments, as a coating or filling the nanotubes with bioac-
ive agents (hydroxyapatite, calcium phosphate, or antibiotics)
ay improve nanotube corrosion resistance [37–40]. Further
n-vitro and in-vivo researches are required to validate the
entioned processing routes to improve nanotubes surface
orrosion resistance.
.  Conclusions
he results of this paper show that anodic oxidation of
i6Al4V ELI alloy can be successfully used to obtain a nan-
tube topography on that titanium biomedical alloy. The EIS
esults showed the formation of a thick oxide layer between
he metal/nanotube interface with elevated corrosion resis-
ance. The EEC for nanotubular and anodized surfaces shows
hat EIS response can be interpreted as an equivalent circuit
ith two-time constants, where the resistance of the differ-
nt oxide layers increases as follows: R1 (nanotube layer) < R2
bottom nanotube layer).
The potentiodynamic polarization studies show that the
anotube topography increases the surface area and low-
rs the corrosion potential compared to the polished bulk
lloy. The electrochemical measurements suggested that
he annealing treatment after nanotubular oxide formation
ncreases the corrosion resistance with enhanced passivation
f the resulting material. The anatase peak was only observed
n the XRD pattern of the nanotubular samples after annealing
reatment.
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